To complement existing affinity purification (AP) approaches for the identification of protein-protein interactions (PPI), enzymes have been introduced that allow the proximity-dependent labeling of proteins in living cells. One such enzyme, BirA* (used in the BioID approach), mediates the biotinylation of proteins within a range of approximately 10 nm. Hence, when fused to a protein of interest and expressed in cells, it allows the labeling of proximal proteins in their native environment. As opposed to AP that relies on the purification of assembled protein complexes, BioID detects proteins that have been marked within cells no matter whether they are still interacting with the protein of interest when they are isolated. Since it biotinylates proximal proteins, one can moreover capitalize on the exceptional affinity of streptavidin for biotin to very efficiently isolate them. While BioID performs better than AP for identifying transient or weak interactions, both AP-and BioID-mass spectrometry approaches provide an overview of all possible interactions a given protein may have. However, they do not provide information on the context of each identified PPI. Indeed, most proteins are typically part of several complexes, corresponding to distinct maturation steps or different functional units. To address this common limitation of both methods, we have engineered a protein-fragments complementation assay based on the BirA* enzyme. In this assay, two inactive fragments of BirA* can reassemble into an active enzyme when brought in close proximity by two interacting proteins to which they are fused. The resulting split-BioID assay thus allows the labeling of proteins that assemble around a pair of interacting proteins. Provided these two only interact in a given context, split-BioID then allows the analysis of specific context-dependent functional units in their native cellular environment. Here, we provide a step-by-step protocol to test and apply split-BioID to a pair of interacting proteins.
Introduction
As most cellular functions are performed by proteins that dynamically assemble macromolecular complexes, the identification of protein-protein interactions (PPI) is a major endeavor in biomedical research. Indeed, PPI are often deregulated in disease and represent potential targets for therapeutics 1 . The most widely used method for the identification of PPI is the affinity purification (AP) approach in which, following cell lysis, a protein of interest is specifically purified on a matrix and associated proteins are subsequently identified by mass spectrometry (MS). While AP-MS is a powerful approach, it typically does not perform well on poorly soluble protein complexes, very transient interactions or PPI that require an intact subcellular structure. Moreover, the interpretation of the data can be complicated by the dynamic nature of PPI networks, as a single protein is often part of several distinct protein complexes.
1. Mix 3 μL of the ligation reaction with 50 μL of competent cells in a 1.5 mL tube on ice and incubate for 30 min. Transfer the cells to a heat block set to 42 °C for 30-45 s and then incubate back on ice for 2 min. Add 250 μL of pre-warmed (37 °C) lysogeny broth (LB) medium and plate 100 μL of the cells on a pre-warmed (37 °C) ampicillin-containing LB-agar plate. Incubate the cells overnight at 37 °C.
6. On the next day, pick four to six colonies and incubate them at 37 °C, 180 rpm, overnight in 3 mL of LB medium containing 100 μg#mL -1 ampicillin in a 15 mL tube.
7. Isolate the plasmids from the picked colonies using a standard DNA MiniPrep kit. 8. Verify the correctness of the plasmids by Sanger sequencing using the Cassette 2 reverse primer ( Table 2) .
3. Once a plasmid containing the first ORF has been identified, subclone the second ORF in that plasmid following the same steps as step 2.2 but using the PmeI and PacI enzymes. 4. Sequence the resulting plasmids using the Cassette 1 reverse primer ( Table 2 ).
Testing of the Fusion Proteins
NOTE: The following instructions are for the dual inducible expression plasmids (Figure 2 ) and HeLa-11ht cells, a subclonal HeLa-CCL2 cell line, stably expressing the reverse tetracycline-controlled transcription activator rtTA-M2 and containing a locus for RMCE 12 . The growth medium for these cells is Dulbecco's Modified Eagle Medium (DMEM) containing 10% tetracycline-free fetal bovine serum (FBS). When using another cell type, exact seeding conditions and growth medium will need to be adapted.
Transient transfection
1. Seed cells at a concentration of 1 x 10 5 cells in 2 mL per well of a six-well plate the day before transfection and incubate the cells overnight at 37 °C, 5% CO 2 in a cell culture incubator. 2. On the day of transfection, remove the medium of each well and replace with 2 mL of fresh medium. 3. Prepare the four transfection reactions according to Table 1 . For each well to transfect, add 6 µg of polyethylenimine to 3 µg of plasmid DNA in a 1.5 mL sterile tube and fill to 500 µL with DMEM medium without serum. 4. Incubate each transfection mix for at least 5 min at room temperature before adding drop wise to each well. Incubate the cells overnight at 37 °C, 5% CO 2 .
2. Induction and proximity-labeling 1. The day after transfection, remove the medium and replace with medium supplemented with biotin at 50 µM to stimulate biotinylation and doxycycline at 200 ng#mL −1 to induce the expression of the fusion proteins. Incubate the cells for at least 20 h at 37 °C, 5% CO 2 .
1. To make a stock solution of biotin, dissolve biotin at 50 mg#mL -1 (correspond to ca. 200 mM) in 2 M ammonium hydroxide. Once it is completely dissolved, dilute it to 50 mM in 500 mM Hepes, pH 7.4, then adjust the pH to 7.4 with HCl. Aliquot and store the resulting 1,000x stock solution at -20 °C. Dissolve doxycycline at 10 mg#mL -1 in 70% ethanol and store in a screw cap microtube at -20 °C in the dark.
3. Cell lysate preparation 1. Wash the cells once with 1 mL of cold (4 °C) phosphate-buffered saline (PBS). 2. To each well, add 100 µL of lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5% NP-40, 0.5 mM DTT and protease inhibitors). 3. Harvest the cells with a cell scrapper and transfer to 1.5 mL tubes. 4. Centrifuge the samples at 14,000 x g for 10 min at 4 °C to remove cell debris. 5. Transfer the supernatants to fresh tubes and place on ice. 6. Determine protein amounts with a Bradford assay.
SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting
1. Prepare a SDS-polyacrylamide gel. 2. For each cleared lysate, prepare a PAGE sample of 30 µg (minimum 15 µg) protein in a total of 30 µL of SDS-loading buffer. Then load equal amounts of each sample (20 µL/well) on the SDS-polyacrylamide gel and proceed to electrophoresis. 3. After electrophoresis, transfer the fractionated proteins to a low fluorescence PVDF blot membrane using any standard protocol.
NOTE: For analyzing protein biotinylation, a 10 min transfer time with the "high MW" program of a fast transfer semi-dry Western blotting device usually works well. 4. After the transfer, block the membrane in 5% dry milk in PBS for 30 min at RT. 5. Incubate the membrane for 30-60 min at RT with fluorescent streptavidin conjugate diluted 1:15,000 in PBS containing 2% BSA and 0.1% Tween-20. 6. Wash the membrane three times, each for 10 min, with PBS containing 0.1% Tween-20, and then once more with PBS. 7. Scan the membrane on a fluorescence scanner imaging system. NOTE:A typical Western blot is shown on Figure 3 . The above procedure describes a fluorescent-based detection but a luminescencebased detection using HRP-coupled streptavidin works equally well.
and incubate the cells overnight at 37 °C, 5% CO 2 in a cell culture incubator. 2. On the next day, prepare a master transfection mix for each transfection condition: for three plates per condition, 36 µg of polyethylenimine, and 18 µg of plasmid DNA dissolved in 900 µL serum-free DMEM. Incubate each master mix for at least 5 min at RT. 3. In the meantime, replace the medium of each dish with fresh medium, and then add 300 µL of the transfection mixtures drop wise to each plate. 4. Incubate the cells overnight at 37 °C, 5% CO 2 .
2. Induction and proximity-labeling 1. The day after transfection, transfer the cells to 15 cm dishes. For each dish, remove the medium, wash the cells with 7 mL of PBS, add 1.5 mL of a trypsin-EDTA solution and incubate for 5 min at RT. Add 3.5 mL of growth medium to resuspend the cells and transfer the cell suspension to a 15 cm dish filled with 20 mL of growth medium supplemented with biotin at 50 µM to stimulate biotinylation and doxycycline at 200 ng#mL −1 (final concentrations) to induce the expression of the fusion proteins. NOTE: With the sonification device indicated in Table of Materials, the following program can be used: four cycles at high intensity, 30 s per cycle in a cold (4 °C) water bath. Any other sonification device is suitable but parameters might need to be adjusted accordingly. 3. Add Triton X-100 to the recovered sonicated lysate to reach a final concentration of 2% (typically, add 100 μL of 20% Triton X-100 to 900 μL sonicated cell lysate), and then 2.3 mL of 50 mM Tris, pH = 7.4 per 1 mL of lysate to adjust the NaCl concentration to 150 mM before binding to streptavidin-coupled beads.
Critical NOTE: Higher salt concentrations often result in much less efficient binding to the beads. 4. Distribute the adjusted lysates in 1.5 mL tubes (ca. 1.1 mL in three tubes) and centrifuge them at 16,000 x g, 10 min, 4°C. 5. Transfer the supernatants (ca. 3.2 mL) to a 15 mL tube, and keep 50-100 μL as INPUT material. 6. Measure the concentration of each sample with a Bradford assay and use equivalent of 3 to 3.5 mg protein content for the streptavidin pulldown.
5. Streptavidin pulldown NOTE: An overview of the pulldown procedure is shown on Figure 4 . It is almost identical to the original protocol published by Roux and colleagues 2 . The first time the pulldown is performed, samples of flow through and wash 1-4 may be put aside for Western blot analysis to ensure the procedure worked properly (Figure 5 ).
1. For each condition, transfer 200 μL of streptavidin-coupled magnetic beads suspension to a 1.5 mL tube. Place the tubes on a magnetic rack, wait until the beads stick to the side of the tubes (ca. 1 min) and remove the storage buffer. 2. Wash the beads by gently mixing with 1 mL of equilibration buffer (50 mM Tris pH 7-4, 150 mM NaCl, 0.05% Triton X-100, and 1 mM DTT). 3. Dispatch the equilibrated beads in equal amount in the necessary number of tubes (usually when starting with 3-3.5 mg protein content, the lysates from each condition can be dispatched in two to four 1.5 mL tubes) and place back on the magnetic rack. 4. Remove the equilibration buffer and resuspend each set of beads with equal amounts of the corresponding cell lysates from step 4.4.7.
Incubate overnight at 4 °C on a rotating wheel. 5. On the next day, place the 1.5 mL tubes on a magnetic rack, wait until the beads stick to the side of the tubes and transfer the supernatants to a 15 mL tube labeled as Flow Through. NOTE: From now on, all the steps are performed at room temperature unless indicated otherwise. 6. Resuspend the beads in each tube with 200 μL of wash buffer 1 (2% SDS in water), and combine each set of resuspended beads corresponding to one condition in 1.5 mL tubes. 7. Wash the beads twice for 8 min on a rotation wheel with 1 mL of wash buffer 1. 8. Wash the beads twice for 8 min on a rotation wheel with 1 mL of wash buffer 2 (50 mM HEPES pH 7.4, 1 mM EDTA, 500 mM NaCl, 1%
Triton X-100, and 0.1% Na-deoxycholate). 9. Wash the beads twice for 8 min on a rotation wheel with 1 mL of wash buffer 3 (10 mM Tris pH 8, 250 mM LiCl, 1 mM EDTA, 0.5% NP-40, and 0.5% Na-deoxycholate). 10. Wash the beads twice for 8 min on a rotation wheel with 1 mL of wash buffer 4 (50 mM Tris pH 7.4, 50 mM NaCl, 0.1% NP-40). 11. To make sure the wash buffer is completely removed after the last wash step, remove most of the supernatant, and then spin down the samples. Put them back on the magnetic rack, wait until the beads stick to the side of the tubes and then remove the remaining buffer. 12. Add 30 μL of elution buffer (10 mM Tris pH 7.4, 2% SDS, 5% β-mercaptoethanol, and 2 mM Biotin) to the beads. Incubate at 98 °C for 15 min, then immediately remove the beads on a magnetic rack. 13. Transfer the eluted sample to a fresh tube and store at -20 °C until further processing. NOTE: Prior to mass spectrometry analysis, it is recommended to assess the success of the biotinylation and pulldown by SDS-PAGE and Western blot. If no biotinylation pattern is observed one may consider that either dox or biotin was not added to the medium or that one of the two stock solutions is compromised.
SDS-PAGE and Western blotting
1. For each input sample, prepare a PAGE sample by mixing equal amounts of protein sample with the appropriate volume of 3x SDSloading buffer in a total of 28 μL. Prepare PAGE samples by mixing 5 µL of each elution sample with 2.5 µL of 3x SDS-loading buffer. 2. Load the samples (25 µL/well for inputs, 7 µL/well for elution samples) on an SDS-polyacrylamide gel. Proceed to electrophoresis and Western blotting as described in section 3.4. 3. If performing the pulldown for the first time, prepare PAGE samples for each step of the pulldown (Input, flow through, Wash 1-4, elution) by mixing 20 µL of each sample (Input, flow through, Wash 1-4) with 10 µL of 3x SDS-loading buffer or 5 µL (elution) with 2.5 µL of 3x SDS-loading buffer and proceed as on step 4.6.4 ( Figure 5 ).
SDS-PAGE for MS analysis
NOTE: To minimize potential keratin contamination, precast gels and commercial sample loading buffer may be used. 1. Add 6.25 μL of 4x sample buffer to 18.75 μL of each elution sample and run the samples on a 4-20% precast SDS-gel until they migrate 2-3 cm into the gel. 2. Stain the gel with colloidal Coomassie Brilliant Blue G250 staining 13 in a 15 cm petri dish.
3. Use a clean scalpel to excise the whole lanes for each sample, excluding the streptavidin band (running at ca. 17 kDa, Figure 6) , and transfer the excised bands to 1.5 mL tubes. 4. Send these samples to a proteomics facility for further analysis.
NOTE: Typical MS results can be seen in reference 9 (Figure 3 and Figure 7 , and supplementary tables). The whole datasets are available on the PRIDE repository (accession number PXD005005).
Representative Results
To illustrate how this method works, the open reading frames (ORFs) of the proteins Ago2, TNRC6C and Dicer (all involved in the miRNAmediated gene silencing pathway) were cloned in split-BioID plasmids. Ago2 is known to interact with TNRC6C within a miRNA-induced silencing complex (miRISC) that represses translation and stimulate decay of target mRNAs 14 . Prior to assemble the miRISC, Ago2 interact with Dicer, the enzyme that produces mature miRNAs, within a complex in which it may get loaded with a miRNA 15 . Hence split-BioID was applied to either the Ago2/Dicer pair or the Ago2/TNRC6C pair. For each pair of tested proteins, Ago2 was either fused to NBirA* or CBirA* using our splitBioID plasmids (Figure 2) , and Dicer and TNRC6C to the corresponding cognate BirA* fragment. In addition, each protein was fused to CBirA* and paired with an NBirA*-GFP fusion as a negative control. This results in testing four iterations for each pair of tested protein ( Table 1) .
To test whether split-BioID is activated upon the interaction of the pair of tested proteins, we followed the scheme depicted on Figure 1 . The plasmids were transiently transfected in a tet-system compatible HeLa cell line. The expression of the fusion proteins was induced with doxycycline (dox) and biotinylation was stimulated by adding excess biotin to the growth medium. Following a 20 h incubation time with dox and biotin, cells were lysed and analyzed by Western blotting using conjugated streptavidin to detect biotinylated proteins. In mammalian cells, two major bands are typically detected by the conjugated streptavidin in the untransfected sample (Figure 3, stars) and correspond to endogenously biotinylated proteins (most probably mitochondrial carboxylases). These two bands are present in all samples and can be conveniently used as internal loading controls, thus, the detection of a housekeeping protein to control the loading of equal protein amounts is superfluous. Typical for a BioID/split-BioID experiment, the additional major bands that can be observed are the fusion proteins that got self-biotinylated. Even if no other biotinylated protein is seen, detecting biotinylation of the fusion proteins at this stage already indicates that the two tested proteins interacted in the cells. In the experiment depicted on Figure 3 , it is clear that having an NBirA*-Ago2 fusion protein paired with CBirA* fusions to TNRC6C or Dicer is more efficient than the opposite combinations in which CBirA*-Ago2 is paired to NBirA* fusions of the other two proteins (Figure 3 , upper panel, compare the intensities of lanes 2-3 to lanes 6-7). Moreover, the activation was specific as none of the CBirA* fusions could activate the NBirA*-GFP control fusion protein to appreciable levels (Figure 3 , compare lanes 1, 4-5 to lane 8 that corresponds to untransfected cells). Since in our plasmids, NBirA* has a myc tag and CBirA* has a FLAG tag (Figure 2) , the expression levels of each fusion protein can be analyzed with antibodies against these two tags (Figure 3, bottom When interaction-induced biotinylation is observed, the experiment can be scaled up, and the biotinylated proteins isolated on streptavidincoupled beads as indicated in paragraph 4 of the protocol (Figure 4) . When performing the isolation the first time, all the steps of the purification may be analyzed by Western blotting (Figure 5) . Typically, binding to the beads should be almost quantitative and virtually no leak through should be observed in the washes. Prior processing the samples for mass spectrometry, we recommend running a Western blot to ensure induced-biotinylation worked as expected and that the fusion proteins were expressed. The lack of expression of the fusion proteins is either due to poor transfection efficiency or faulty dox induction. If the fusion proteins were expressed but no biotinylation is observed, check if excess biotin (50 μM) was actually added to the medium and that the stock biotin is still active. When the eluted material is analyzed on a Coomassiestained protein gel (Figure 6) , typically, the strongest band to be observed runs at about 17 kDa and corresponds to monomeric streptavidin. Bands corresponding to the endogenous biotinylated proteins and the fusion proteins may also be observed. We typically excise the area of the sample lane above the streptavidin band up to the loading well (Figure 6) . The excised band can be stored in a 1.5 mL tube and sent to a mass spectrometry facility. Alternatively, bound proteins may also be trypsin-digested on the streptavidin-coupled beads and the digested peptides eluted form the column. We routinely use the MaxQuant software 16 (using mostly default parameters and adding lysine biotinylation as a possible post-translational modification, see reference 9 for more details and for typical MS results) to analyze the MS raw data and the Perseus suite 17 for the subsequent statistical analysis, both are free software. Samples are typically run in three biological replicates. Using label-free quantification, specifically enriched proteins can be identified over control conditions. To filter for endogenously biotinylated proteins and for proteins that are non-specifically labeled by the BirA* enzyme, we only consider proteins that are significantly enriched over hits from six datasets generated with six unrelated proteins. In addition, we only consider hits that are enriched over a split-BioID dataset in which the NBirA* fusion proteins have been replaced by NBirA*-GFP. Other data analysis strategies have been proposed notably using stable isotope labeling with amino acids in cell culture (SILAC) for quantitative proteomics 18 . In addition, various strategies have been described for the direct isolation of biotinylated peptides using a streptavidin variant with weakened affinity to biotin 18 , special elution conditions using organic solvents 19 or biotin-specific antibodies 20, 21 . While not necessarily leading to the discovery of more proteins, the identification of biotinylation sites add more confidence as to the specificity of the hits and is useful when addressing the topology of an interaction. 
Sequencing primer sequence
Cassette 1 reverse primer (CBirA* fusion) TATACTTTCTAGAGAATAGGAAC Cassette 2 reverse primer (NBirA* fusion) GTGGTTTGTCCAAACTCATC Table 2 : Sequencing primers for the split-BioID plasmids.
Discussion
The outlined procedure describes how to clone genes of interest into the split-BioID plasmids, how to test for interaction-induced biotinylation and how to isolate biotinylated proteins for mass spectrometry analysis. We describe here a procedure based on transient transfection. While the expression of the fusion proteins can be tuned by the amount of dox added to the medium, transient transfection may lead to non-homogenous protein expression with some cells that grossly overexpress the fusion proteins when compared to the endogenous counterparts. This may lead to distortions of the corresponding interactomes and to PPI that do not faithfully reflect the interactions that involve the endogenous proteins. It is thus generally advisable to construct stable cell lines once split-BioID has been established with the transient system. The plasmids are compatible with the Flp-mediated recombination system and place both genes of interest under the regulation of the same tet-responsive element. If needed, and when used with compatible mammalian cells, they allow the easy creation of stable inducible cell lines. For example, we use the HeLa-EM2-11 line that expresses the rtTA tetracycline-activated transcription activator and a unique targetable genomic locus from which tetracycline-mediated gene expression can be tightly regulated 12 . Using this cell line and Flp-mediated recombination, stable cell lines that contain only one copy of the transgene can be obtained within two-three weeks. Alternatively, one could also use current genome editing techniques to introduce the BirA* fragments in the native genomic loci of the genes of interest.
As in any assay that relies on tagging a protein, one needs to consider if the resulting fusion proteins are functional. Available data in which the proteins of interest were tagged (for example with GFP for imaging studies) and functionally tested are useful to decide if the BirA* fragments should be cloned upstream or downstream the genes of interest. If no such data are available, one should test N-terminally or C-terminally tagged proteins in a functional assay. For example, the activity of the fusion proteins can be tested in a cell line in which the endogenous protein has been knocked-out and compared to the wild type situation. If the proteins of interest tolerate both N-and C-terminal tags, both should be tested. Indeed, in BioID experiments, the orientation of the fusion protein can influence the efficiency of labeling 22 . In addition, we have observed that when applying split-BioID to a pair of proteins, which of the two proteins is appended to either the NBirA* or CBirA* fragment also influence the efficiency of labeling 9 . In the split-BioID plasmids, the 16 amino acid long glycine/serine rich linkers coupling the proteins of interest to the BirA* fragments were taken from another PCA 23 and worked for us for all interacting proteins we have tested so far. However, one should consider that some protein pairs might work better with shorter or longer linkers. Of final note, another assay was described by the Bollen group 24 . In this assay, BirA* is split at another site (E140/Q141) than ours (E256/G257). We have tested both split-BioID flavors side-by-side and found that E256/G257, described in this protocol, leads to stronger re-activation when coupled to two interacting proteins 9 .
One general drawback of this method is the slow speed of labeling. Typically, 6 to 24 h incubation time with biotin is necessary to obtain appreciable biotinylation 6 , precluding the use of this technique for studying dynamic remodeling of protein complexes. While this assay partially addresses this caveat as it is only activated when two proteins interact, the slow speed of labeling preclude its use for studying response to very dynamic processes or to analyze short-lived proteins. The engineered peroxidase APEX2 is known to promote efficient labeling of proximal proteins within 1 min 3 . A PCA based on APEX2 might thus address the limitations of the slow labeling speed of BioID-derived assays. A proofof-principle study described such a split-APEX2 assay 25 . However, although a homodimerizing protein was successfully biotinylated, whether the assay can also be used to label and identify proteins that assemble around a pair of interacting proteins remains to be demonstrated. Very recently, directed evolution was used to create TurboID and miniTurbo, two variants of BirA* with enhanced activity that allow much shorter labeling time windows, down to 10 min 26 . Adapting split-BioID to these new variants will further extend the use of this technique to a broader field of applications.
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